Stenocereus eruca and Stenocereus gummosus are two closely related columnar cacti of the Sonoran Desert that are thought to be highly clonal. In addition, it has been suggested that S. eruca has recently been derived from an S. gummosus-like ancestor. We used allozymes analysis to test these hypotheses and to describe levels of genotypic diversity in populations of both taxa. Allelic composition in S. eruca was a subset of the composition found in S. gummosus, while polymorphism and expected heterozygosity were greater in S. gummosus, supporting the hypothesis that S. eruca is a recently derived species. The proportion of unique genotypes (G=N) and genotype diversity (D) varied from 0.42 to 0.68 and from 0.78 to 0.98, respectively, among populations of S. eruca and from 0.64 to 0.96 and from 0.96 to 1.00, respectively, among populations of S. gummosus. The evidence on clonal diversity indicates that both species combine clonal growth and sexual recruitment as mechanisms of regeneration and that S. eruca seems to rely more on clonal propagation than does S. gummosus. We hypothesize that the procumbent growth habit of S. eruca in the plains of Magdalena may have evolved in response to aeolian dune formation during the Pleistocene.
Introduction
The clonal growth habit in vascular plants may be constrained by ontogenetic requirements, or it may be an ecological option under climatic stress or low sexual fertility. The distribution of clonal growth among vascular plants is strongly associated with unipolar growth of the main axis (i.e., the main axis posseses meristems at one end only) and the absence of secondary growth at the sporophyte stage (Mogie and Hutchings 1990) . Many taxa have an ontogenetic precondition for clonal growth from unipolar growth and lack of secondary tissues, while others adopt clonal growth without those developmental constraints (Mogie and Hutchings 1990) . The clonal habit has arisen independently in different plant lineages and is usually associated with a change from bipolar (i.e., the main axes possess meristems at both ends) to unipolar growth (Tiffney and Niklas 1985; Mogie and Hutchings 1990) . The fossil record of land plants, however, indicates that clonal growth had greater success under periods of climatic stress (Tiffney and Niklas 1985) . Similarly, the distribution of extant clonal plants indicates an adaptive value under some forms of climatic stress (van Groenendael et al. 1996; Klimes et al. 1997 ). Theoretical models have also explored the ecological scenarios that could favor the evolution of the clonal habit. For instance, models that employ game theory predict that plants should allocate a larger fraction of resources to clonal propagation when the cost of seed production relative to ramet production is comparatively higher and when the probability of establishment of ramets relative to seedlings is also higher (Olejniczak 2001) . Thus, these models predict the evolution of clonal growth when sexual reproduction is inefficient.
Columnar cacti show great variation in their regeneration mechanisms, from those relying only on sexual reproduction to those combining clonal and sexual mechanisms (BravoHollis 1978; Gibson 1989) . Although clonal propagation is believed to be of relatively minor importance in columnar cacti (Pimienta-Barrios and del Castillo 2002), several mechanisms of clonal fragmentation and growth have been described. Stem detachment and dispersal of fallen shoots (Gibson 1991; Parker and Hamrick 1992) , stem arching, layering and formation of clumps (Gibson 1988 (Gibson , 1989 Parker 1989; Parker and Hamrick 1992) , shoots arising from lateral roots (Dubrovsky and North 2002) , and prostrate stems with adventitious roots (Gibson 1989) have been described in columnar cacti. Environmental factors such as frequent freezing events in the northern range of distribution are thought to promote clonal propagation over sexual recruitment in some columnar cacti (Parker 1989) . However, our knowledge about the distribution and the relative importance of clonal growth as well as the ecological scenarios that promote the evolution of clonal habit among columnar cacti is limited.
The Machaerocerei (sensu Gibson 1989) of Stenocereus represent an excellent system to address questions about the evolution of clonal growth among columnar cacti.
Stenocereus eruca and Stenocereus gummosus are two putatively closely related species of columnar cacti endemic to the Sonoran Desert that are thought to be highly clonal (Gibson 1989) . Stenocereus eruca is an extremely narrow endemic species restricted to coastal areas of the plains of Magdalena in Baja California (Gibson 1989; Turner et al. 1995;  fig. 1 ). In contrast, S. gummosus is widespread along the peninsula of Baja California, it is present on many islands of the Gulf of California, and in mainland Sonora, it is restricted to the coastal area between Bahía Kino and Desemboque (Turner et al. 1995;  fig. 1 ). The flowers of S. eruca are nocturnal; the fruit set is generally low (0.03-0.15 across populations) and highly variable in space and time as a consequence of pollinator limitation associated with variation in sphingid abundance (Clark-Tapia and Molina-Freaner 2004) . The growth habit of S. eruca is thought to represent the most remarkable case of clonal propagation in the cactus family (Gibson and Nobel 1986) . Stems grow horizontally along the ground. The base of the plant gradually dies and rots away, while the growing shoot tip curves upward several centimeters from the soil (Gibson 1989) . Adventitious roots emerge below the stem and anchor the shoot while lateral branches emerge from the major stem. Clonal propagation occurs by detachment of branches from the major shoot as the base of the branch dies and rots. Seedlings of sexual origin have not been detected in field observations, and regeneration is believed to be mainly by clonal propagation (Gibson 1989; Turner et al. 1995) . Experimental evidence and a 3-yr demographic study have shown that the probability of seedling establishment is very low and that clonal propagation is the most common mechanism of regeneration (Clark-Tapia et al., forthcoming b). In contrast, S. gummosus is a semierect shrub, mostly 1-1.5 m tall, having numerous rigid, ascending, or arching branches that arise near the ground (Gibson 1989) . Vegetative propagation occurs by rooting and detachment of branch segments (Gibson 1989) . Its flowers are pollinated by sphingids, the fruit set varies from 0.38 to 0.60 among populations, and there is no evidence of limitation by pollinators (Leó n de la Luz et al. 1995; Clark-Tapia and Molina-Freaner 2003) . Field observations, however, have failed to detect seedlings of sexual origin, and regeneration in this species is also believed to be vegetative (Gibson 1989 ; Leó n de la Luz and Domínguez-Cadena 1991). Thus, both species of Stenocereus are thought to be highly clonal; however, it is unknown whether differences in the effectiveness of sexual reproduction and growth habit influence the level of clonal diversity in the two species.
On the basis of morphological and biogeographic evidence, Gibson (1989) postulated that S. eruca was recently derived from an S. gummosus-like ancestor in the Magdalena region of Baja California. According to Gibson (1989) , the procumbent growth habit arose as a consequence of major changes in the secondary xylem that adapted S. eruca to a loose sand environment. It is clear, however, that several developmental modifications are involved in the shift in growth habit (Niklas et al. 2003 ). Recent evidence indicates major differences in the biomechanical properties of the peripheral tissue complex that makes stems of S. eruca unable to support its own weight. Those differences could reflect minor genomic changes that affected physiological or developmental processes that altered the ability of stems to grow vertically (Niklas et al. 2003) . However, our knowledge about the phylogeny of Stenocereus (Cornejo and Simpson 1997; Cota and Wallace 1997) and the phylogenetic status of S. eruca is incomplete. If S. eruca was recently derived from an S. gummosus-like ancestor, genetic divergence is expected to be low, and if evaluated with allozymes, S. eruca is expected to possess a subset of the allelic composition of S. gummosus for a random sample of loci (Gottlieb 1973; Pleasants and Wendel 1989) . Thus, comparing the allelic composition of both species could contribute to determining whether S. eruca is a recently derived species.
Here, we examine allozyme variation in populations of S. eruca and S. gummosus in the Sonoran Desert. First, we compare the allelic composition in order to explore whether S. eruca is a recently derived species. Second, we describe the genotypic diversity of both species in order to assess the relative importance of sexual reproduction and clonal propagation in their populations and to explore whether the shift in growth habit and declining effectiveness of sexual reproduction are associated with greater levels of clonal recruitment.
Material and Methods

Sampling Procedures
In order to describe allelic composition and clonal diversity at the species level, we sampled the entire distribution ranges of both species: 12 populations of Stenocereus gummosus and eight populations of Stenocereus eruca ( fig. 1 ; table 1). In most populations, we collected a small tissue sample (2 cm 3 ) of rib chlorenchyma from each of 50 plants using a cork borer. In those populations, samples were collected systematically every 5-10 m, covering an area of ca. 0.5 ha. Samples were immediately stored in liquid nitrogen, and once in the lab, they were transferred to a ÿ80°C freezer.
One hundred plants of S. eruca and 50 plants of S. gummosus were sampled in more detail at Estero Salinas (table 1, population g) and Punta Onah (table 1, population K), respectively. At Estero Salinas, we established two 100-m-long transects with north-south and east-west orientation where 100 plants were carefully mapped to the closest meter. At Punta Onah, 50 plants randomly selected (>80% within the plot) from a 50 3 100-m plot were carefully mapped to the closest meter. In each case, plants were sampled using the methods previously described.
Electrophoretic Procedures
We followed the protocol previously used for an allozyme variation survey of S. gummosus (Clark-Tapia and MolinaFreaner 2003) . A small fraction (0.5 cm 3 ) of each tissue sample was ground in a cold mortar with 300 mL of the phosphate-polyvinylpyrrolidone extraction buffer of Mitton et al. (1979) . The extract was absorbed onto 2 3 10-mm filter paper wicks that were inserted in cooled 12% starch and 5% sucrose gels. Three buffer systems were used to assay 12 enzyme systems. Enzyme systems were selected on the basis of resolution and reproducibility. Buffer 6 of Wendel and Weeden (1989) was used to assay glucose-6-phosphate dehydrogenase (G6PDH), malate dehydrogenase (MDH), 258 INTERNATIONAL JOURNAL OF PLANT SCIENCES phosphoglucoseisomerase (PGI), esterase (EST), alcohol dehydrogenase (ADH), glutamate dehydrogenase (GDH), and diaphorase (DIA). Buffer system D of Stuber et al. (1988) was used to assay acid phosphatase (ACP), phosphoglucosemutase (PGM), and menadione reductase (MNR). Buffer system PP of Mitton et al. (1977) was used to assay leucine aminopeptidase (LAP) and superoxide dismutase (SOD). Staining protocols followed Wendel and Weeden (1989) for Morden et al. (1987) for LAP, ACP, PGM, and PGI; and Stuber et al. (1988) for MNR and DIA. SOD exhibited low reproducibility in S. gummosus and DIA and GDH in S. eruca and were not included in the analysis. Stenocereus gummosus is diploid (Pinkava et al. 1977) , while the banding patterns observed in S. eruca suggest that this species is also diploid. Genetic interpretation of the banding patterns was based on the body of knowledge about the genetics of isozymes in diploid plants . Loci and alleles were designated on the basis of relative band mobility, with lower numbers assigned to those farther away from the origin.
Data Analysis
Percent of polymorphic loci (P), expected heterozygosity (H e ), and number of alleles per polymorphic locus (AP) were averaged across populations within taxa using the Tools for Population Genetic Analysis program (TFPGA; Miller 1997). We explored whether taxa differed in P, H e , and AP using a Wilcoxon rank test. Allelic relationships between species were evaluated by comparing allelic composition across populations for each species. Genotypic diversity was assessed within populations of each species. Individuals were sorted by multilocus genotype based on polymorphic loci. Each distinct multilocus genotype detected was assumed to be a clone. The proportion of unique multilocus genotypes (G=N) was calculated as the ratio of the number of distinct genotypes over the total number of sampled plants (Ellstrand and Roose 1987) . Genotype diversity (D) in populations was calculated on the basis of Simpson's index (D ¼ 1 ÿ AEp 2 i ), corrected for small sample size (Pielou 1969) . We explored whether taxa differed in G=N and D using the Wilcoxon rank sum test. At Estero Salinas and Punta Onah, multilocus genotypes were used to map genets of S. eruca and S. gummosus, respectively.
Divergence between S. eruca and S. gummosus was estimated using Nei's (1978) genetic distances among populations, and the resulting matrix was used to construct a UPGMA phenogram using TFPGA (Miller 1997) .
Results
In Stenocereus gummosus, 11 enzyme systems (11 loci) gave good resolution and were reproducible, while 10 enzyme systems (13 loci) were resolved in Stenocereus eruca. Nine polymorphic loci were detected in at least one population of S. gummosus, while only seven were detected in S. eruca (table 2) .
Allelic Relationships
Both species exhibited a total of 24 alleles, while only 14 (58.3%) were shared by the two species (table 2) . Stenocereus eruca possess a subset of the alleles detected in S. gummosus; 
Clonal Diversity and Spatial Distribution of Clones
We mapped the distribution of genotypes in one population of each species. At Estero Salinas, we detected evidence of clonal fragmentation because identical multilocus genotypes of S. eruca were distributed over the area (fig. 2) . In contrast, most plants of S. gummosus at Punta Onah had unique genotypes ( fig. 3) .
From 436 sampled plants of S. eruca, 189 distinct multilocus genotypes were detected for an average of 28 genotypes per population ( Nei's (1978) genetic distances between populations of S. eruca ranged from 0.0001 to 0.03 with an average of 0.02, while genetic distances in S. gummosus varied from 0.024 to 
Discussion
The allelic composition of a random sample of loci obtained from a recently derived species should be a subset of the composition found in the putative ancestor, and few unique alleles should be expected in the derived species (Gottlieb 1973 (Gottlieb , 1974 Pleasants and Wendel 1989) . Additionally, measures of variation such as percent polymorphism, expected heterozygosity, and allelic richness are expected to be lower in the recently derived species, and interspecific genetic distances should be similar to intraspecific distances. In this study, we have shown that the allelic composition and levels of divergence of Stenocereus eruca and Stenocereus gummosus support the hypothesis that S. eruca was derived recently from an S. gummosus-type ancestor. Most of our predictions are supported by the allozyme data. With one exception (MNR-2d), all alleles present in S. eruca were a subsample of the ones detected in S. gummosus. Similarly, several measures of allozyme variation were lower in S. eruca. Thus, the allozyme evidence together with anatomical (Niklas et al. 2003) , morphological (Gibson 1989) , and biogeographic (Turner et al. 1995) data indicates that both species are closely related and that S. eruca has a recent origin.
The evidence of clonal diversity within populations and between taxa reveals that both species combine sexual and clonal recruitment as mechanisms of regeneration. Levels of clonal diversity detected in both Stenocereus species fall within the range that has been observed in other clonal plants (Ellstrand and Roose 1987; Widén et al. 1994) . Compared with northern populations of the columnar cactus, Lophocereus schottii (G=N ¼ 0:43, D ¼ 0:87; Parker and Hamrick 1992) , it is clear that both species of Stenocereus are not highly clonal, particularly S. gummosus. Thus, seedling recruitment should be substantial, although it may be restricted in space and time and not easily detected in ecological field studies, as observed for other clonal plants (Eriksson 1989 (Eriksson , 1997 .
Our data on clonal diversity indicate that S. eruca relies more on clonal propagation than does S. gummosus. Apparently, the evolution of the procumbent habit and declining sexual fertility in S. eruca are associated with an increase in the relative importance of clonal growth in this cactus. This interpretation, however, assumes that we were equally able to detect most multiloci genotypes between taxa using seven and nine polymorphic loci. Although we employed a similar sampling scheme and identical assaying protocol, differences in Nei's (1978) genetic distance between populations of Stenocereus eruca and Stenocereus gummosus using loci shared by both species. Numbers represent the percentage of bootstrap values (1000 replications) supporting the branch.
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INTERNATIONAL JOURNAL OF PLANT SCIENCES polymorphisms may bias the estimates of clonal diversity. The ability to detect genotypic differences among ramets of clonal species is dependent on the number of polymorphic loci, allelic frequencies, and the sampling effort (Pleasants and Wendel 1989; Edwards and Sharitz 2003) . Although we used the same protocol for both species, differences in polymorphism that probably arose as a consequence of the genetic bottleneck associated with the origin of S. eruca led to different powers of resolution. It is likely that with additional loci or with DNAbased markers, the power to detect multiloci genotypes would increase, especially in S. eruca. Using RAPD markers in four populations of S. eruca revealed slightly greater levels of genotypic diversity (Clark-Tapia et al., forthcoming a). Thus, our evidence of clonal diversity based on allozymes should be seen as minimum estimates. It is clear, however, that neither species is highly clonal and that sexual recruitment is an important regeneration mechanism in these cacti.
The origin of the region where S. eruca is currently endemic might shed light on the timing and ecological scenario involved in the speciation event that gave origin to this rare species. The Magdalena coastal plain is a basin of aeolian deposits of the late Pleistocene and early Holocene (Murillo de Nava et al. 1999) . Stenocereus eruca is a conspicuous element of the consolidated aeolian dunes (Murillo de Nava and Gorsline 2000). Evidence on the shape and height of dune deposits indicates that winds were strong and unidirectional during the Holocene in this area (Murillo de Nava et al. 1999; Murillo de Nava and Gorsline 2000) . Current moderate wind speeds in Baja California are known to modify stem growth and the vertical posture of several plant species (Ortega-Rubio et al. 1995; Russell and Johnson 2000) . It is known that plant species have genetic variation for plagiotropic growth (Johnsen and Skrøppa 1992) and that stem architecture responds to selection (Hof and Dolstra 1999) . Thus, if the S. gummosus-like ancestor had genetic variation for plagiotropic growth, the strong aeolian conditions of the late Pleistocene or early Holocene might have selected for a growth habit that adapted S. eruca to survive under strong winds. The procumbent growth habit of S. eruca also seems well adapted to live in loose sand (Gibson 1989) . We have observed that the elevated shoot tip of S. eruca is critical to avoid sand burial under unstable dunes (F. Molina-Freaner, personal observation). Thus, the growth habit of S. eruca might be a response to the windy and loose sand environment during the formation of the coastal Magdalena plain. If this hypothesis for the origin of the procumbent habit in S. eruca is valid, we expect to find evidence that other species of procumbent habit in the Cactaceae (i.e., Trichocereus thelegonus, Gibson and Nobel 1986 ; Echinopsis coquimbanus, Wallace and Gibson 2002) should be associated with a history of aeolian deposits and loose sandy habitats. The study of such plants may provide critical evidence about the ecological scenario (Goroshkevich and Kustova 2002) and the mechanism involved in the evolution of the procumbent habit in the Cactaceae.
Our current knowledge about the developmental mechanisms involved in the origin of S. eruca is poor. Buxbaum (1950) suggested that longitudinal growth of the primary stem, its symmetry, and the type and angle of branching account for the diversity of growth habits in cacti. However, it is clear that even such basic processes as the early development of the primary root, the way the root is lost during ontogeny (Dubrovsky and North 2002) , and whether unipolar growth is established are not known in S. eruca. Thus, in order to make further progress in understanding the evolution of the growth habit of S. eruca, we suggest developmental studies aimed at understanding the mechanisms underlying orthotropic and plagiotropic growth in columnar cacti.
